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>>: 

We compare the sensitivity of a recent bound on time variation of the fine structure 
constant from optical clocks with bounds on time varying fundamental constants from 
atomic clocks sensitive to the electron-to-proton mass ratio, from radioactive decay rates 

Vi ' in meteorites, and from the Oklo natural reactor. Tests of the Weak Equivalence Prin- 

Cn ^ ciple also lead to comparable bounds on present time variations of constants, as well as 

putting the strongest limits on variations tracking the gravitational potential. For recent 
time variations, the "winner in sensitivity" depends on possible relations between the 
variations of different couplings in the standard model of particle physics. WEP tests 

rj ^ are currently the most sensitive within scenarios with unification of gauge interactions. 

• , A detection of time variation in atomic clocks would favour dynamical dark energy and 

i-i^ ' put strong constraints on the dynamics of a cosmological scalar field. 

O ' Introduction: Temporal and local variation Both the Standard Model of 

-4-^ , particle physics and the theory of General Relativity are constructed on the as- 

jrt ' sumption of Local Position Invariance (LPI): that locally measurable properties 

of matter do not vary over space and time. LPI forms part of Einstein's equiv- 
alence principle. While most tests of LPI concerning particle coupling strengths 
^ ' and masses have yielded results consistent with zero variation,^ there is a signifi- 

nI , cant indication of cosmological variation in the fine structure constant a deduced 

from astrophysical absorption spectra,^ '^ driving recent interest in the possibil- 
^+ ' ity of nonzero variations. The latest result from spectroscopy of a large sample 

is Aa/a = (-0.57 ± 0.11) x 10"^ over a range 0.2 < Zabs < 4.2. 
f^ ' The proton-electron mass ratio /i = mp/rrie has also been probed: earlier anal- 

^^ i yses of molecular H2 spectra indicated a moderately significant variatiorPEl at high 

redshift (z ~ 2-3). Recently, a strong bound on variation at lower redshift has been 
derived from the NH3 inversion spectrurrP^ with a 95% confidence level limit of 
V . Aft/ ft < 1.8 X 10-6 quoted at z = 0.685. 

5-H ' Time variation of couplings and masses in the recent Universe is stringently lim- 

ited by atomic clock measurements. Evolution of a is bounded by direct comparison 
of optical frequencies in an Al/Hg ion clock. 

d\na/dt= (-1.6 ±2.S)xlO-"y~\ (1) 

while the limit on the proton-electron mass ratio from a recent evaluatiorP of atomic 
clock data is 

dln/^/dt = (1.5±1.7) X lO^^^y"^ (2) 
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It is also of interest to probe possible variations at the present time within the 
Solar System: any theory with an underlying Lorentz invariance which allows time 
variation, should also allow spatial variation. Recently bounds have been selP^ on 
variations of fundamental parameters correlated with the gravitational potential U, 
by comparing atomic clock frequencies over several months while the Earth moves 
through the Sun's gravitational fieldP^Ji^l pgr independently varying fundamental 
parameters Gt we may define couplings ki via 

AlnGi^hAU (3) 

for small changes in U; the annual variation due to Earth's orbital eccentricity is 
AU ~ 3 X 10~^°. The couplings k of a, ^ and the light quark mass niq/Ac = 
{rriu + md)/2Ac, where to„ and rud are the up and down quark current masses and 
Ac is the invariant strong interaction scale of QCD, were found to be consistent 
with zero,^ with uncertainties 

{a(fca), a(fc^), aik,)} = {3.1, 17, 27} x 10"*^. (4) 

Using the results of- an improved limit can be set^^^ giving ka — (— 5.4±5.1) x 10^^. 

Weak Equivalence Principle violation and local variation However, any 
spatial gradient of couplings or particle masses leads to anomalous accelerations 
of test bodies.ti^ We have VlnG^ — —hg, where g — ~VU. A freely-falling body 
of mass M{Gi{x)) will experience additional acceleration a = —{yM)/M\^ as if 
moving in a potential V{x) = M{Gi{x)). For test bodies of different x-dependence 
the acceleration cannot be absorbed into a redefinition of the metric, and the dif- 
ferential acceleration Oh — Oc, violating the Weak Equivalence Principle (WEP) or 
universality of free fall, is a physical signal probing gradients of Gi . 

Using Planck units where Gn is constant, the differential acceleration is therpSl 

_ \db-dc\ _^ dln{Mh/AQ , _ ^^ .b-c,^ /.s 

which defines the sensitivity coefficients A^^"^. Each Eotvos-type experimental limit 



on T^ i^Po i bounds some linear combination of couplings ki. 

To calculate A,""^ we first consider dimensionless "nuclear parameters" which 
characterize physics at low energy: the fine structure constant a; the electron 
mass me/rriN; the nucleon mass difference 6^/771^; and the nuclear surface ten- 
sion as/triN, where 6^ = to„ — nip and itin = {nrin + mp)/2. Eotvos experiments 
cannot distinguish between couplings to 5iq /tun and me/wAr, since both lead to 
forces proportional to the proton fraction fp = Z/A: hence we define Qn = 6n — me- 
Null bounds were then founcP^ on three couplings to U, with uncertainties 

MkQn),a{k^),a{kas)} = {38, 2.3, 1.0} x IQ-^. (6) 

Estimating how the "nuclear parameters" {Qn/mN,a,as/mj^) depend on fun- 
damental Standard Model (SM) parameters a, rrie/Ac, average light quark mass 
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ruq/ Kc^ and up-down mass difference dq/Ac = {vrid — mu)/Ac, where Ac is the QCD 
strong interaction scale, we find^^ the bounds 

{a{k'sf),a{k'J,a{k'^)} = {14, 1.7, 0.9} x 10"^ (7) 

Here k' denote the couphngs to U in the basis of independently varying fundamental 
parameters, and k'g^ = kg — 0.25/Cg. Hence WEP tests provide the most stringent 
bounds on variations of fundamental couplings correlated with the gravitational 
potential.'22 

Cosmological and recent time dependence Returning to possible time vari- 
ations, one can study the dependence over cosmologically long periodP^ z > I, 
which however implies a strongly model-dependent extrapolation in comparing to 
present-day variations. For more recent historical bounds including nuclear decay 
rates in meteoritea^SES and isotopic abundances in the Oklo natural reactor ,[2^1291 
the time span to the present is short on cosmological scales and a linear time inter- 
polation is meaningful in some scenarios of evolution. On this basis we can compare 
the present-day limits (P) and ([2]) with 'recent' bounds and with the sensitivity of 
bounds on time variations from WEP tests.'^ 

Such comparisons involve assumptions about relations between the variations 
of different SM parameters Gk — {Gn, a, (</>), "T-e,(5g, m,}, where (0) is the Higgs 
v.e.vlfj. The comparison with WEP bounds will also use cosmological constraints 
on the time evolution of a scalar field. 

We suppose that fractional variations of Gk are proportional to one nontrivial 
variation, with fixed constants of proportionality, over a recent cosmological period 
z < 0.5, due to the existence of a Grand Unified field theory (GUT).l^ilMl-vVe write 

Ah-iGk = dkAlnax (8) 

for some constants dk which depend on the specific GUT model. Assuming constant 
Yukawa couplings, the electron and quark masses simply vary proportional to the 
Higgs v.e.v. leaving each unified scenario to be defined by the variations of Mx/Mp 
{Mx being the unification mass scale), ax, {4>) l^x, and ms/Mx, where ms is the 
mass scale of supersymmetric partners of SM particles, if they exist. We defined a 
number of scenarios with different proportionality constants dM,x,H,s motivated by 
particle physics modela^Sl both with and without supersymmetry. 

In Table [1] we compare the precision of bounds on fractional variations of the 
fundamental parameter in each scenario (a, ax or (0)/Afx).uThe column "Clocks" 
results from atomic clock bounds on fi, the recent Al/Hg limits' on a variation be- 
ing treated separately. The Oklo bound on a variation is rescaled to account for 
systematic uncertainties.'^Sl Considering Al/Hg, other clocks, Oklo and the ^^'^Re 
decay from meteorites, if only a varies, atomic clock experiments are already the 



''We take units where Ac is constant. 

''In addition to unified models we have considered the case where only a varies. 



May 26, 2010 0:7 WSPC - Proceedings Trim Size: 9.75in x 6.5in main 



Table 1. Competing bounds on present time variations. For each scenario 
we give the la uncertainties of null bounds on d{lnX)/dt. 











Error on d In 


X/dt (10- 


-15j^-l) 




Scenario 


X 


Al/Hg 


Clocks (n) 


Oklo 


^^•'Ke 


WEP 


a only 




a 


0.023 


- 


0.033 


0.32 


6.2 


2 




ax 


0.027 


0.074 


0.12 


0.015 


0.007 


2S 




ax 


0.044 


0.12 


0.19 


0.026 


0.012 


3 




{4>)/Mx 


12.4 


2.6 


54 


0.53 


0.33 


4 




{<t>)/Mx 


1.78 


6.2 


7.7 


1.2 


0.35 


5,7 = 


42 


ax 


0.024 


0.42 


0.11 


0.069 


0.013 


6, 7 = 


70 


ax 


0.016 


0.30 


0.070 


0.049 


0.008 


6, 7 = 


25 


ax 


0.027 


0.25 


0.12 


0.056 


0.011 



most sensitive, surpassing the previous best bound from the Okie reactor. If only 
the unified couphng ax varies, the meteorite bound is stiU somewhat stronger than 
atomic clocks. The same holds if only the ratio {(j>) /Mx varies. For combined varia- 
tions of ax and {4>)/Mx in scenarios 5 and 6, the "sensitivity winner" is again the 
laboratory bound. Thus, laboratory experiments have now reached the sensitivity 
of the "historical" bounds; a modest further increase in sensitivity, especially for 
variations of /i, will make them the best probes in all scenarios. 

Quintessence and violation of the WEP In quantum field theory, any time 
variation of couplings must be associated to the time evolution of a field, which may 
be fundamental or a composite operator. The simplest hypothesis is a scalar field 
whose time-varying expectation value preserves rotation and translation symmetry 
locally, as well as all gauge symmetries of the standard model. We may identify 
this scalar field with the "cosmon" field (/? of dynamical dark energy or quintessence 
models. 

Table [T] shows a further competitor for the "sensitivity race" : bounds on WEP 
violation. In order to cause nontrivial variation the cosmon couples non-universally 
to SM fields; thus it mediates a "fifth force". Two test bodies with different compo- 
sition will experience different accelerations towards a common source, due to their 
generally different "cosmon charge" per mass. 

The cosmon couplings to atoms and photons necessarily result in spatial varia- 
tion in the vicinity of concentrations of matter, which may cause seasonal variations 
as discussed above. However spatial variations over cosmological scales generally do 
not influence the slow evolution over time^ that we focus on. 

The cosmon couplings to atoms and photons determine both the outcome of 
tests of the WEP, and the time variation of "constants" at present and in recent 
cosmological epochs. To bound time- varying parameters from WEP tests one needs 
information on the rate of change of the expectation value of the scalar field. The 
latter can be expressed in terms of cosmological observables, namely the fraction 
in dark energy contributed by the cosmon, flh, and its equation of state, Wh, as 
(^^/2 ~ ^h{^ + Wh)Pc- Here pc = SH'^Mp is the critical energy density of the 
Universe. 
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The differential acceleration rj can now be related to the present time variation 
of couplings and to cosmological parameters. Taking the fine structure constant as 
the varying parameter, we fincP^I^ at the present epoch 



a/a 



10-i5y 



f^/i(l +Wh) 



F 



1/2 



V 



3.8 X 10-12 



1/2 



(9) 



The "unification factor" F encodes the dependence on the precise unification sce- 
nario via the coupling strengths of the cosmon, and on the composition of the test 
bodies. The values of F were computed for the best current test of WEPi^l yielding 
rj — (0.3 ± 1.8) X lO^i"^ for Be-Ti test masses, and are shown in Tabled The relation 



Table 2. Values of F for the WEP experiment 


op3} in different unifiec 


scenarios. 


Scenario 


a only 


2 


3 


4 


5, 7 = 42 


6, 7 = 70 


6, 7 = 25 


F (Be-Ti) 


-9.310-^ 


95 


-9000 


-165 


-25 


-26 


41 



([9]) then allows for a direct comparison between the sensitivity of measurements of 
7] with measurements of d/a from laboratory experiments, or bounds from recent 
cosmological historyprovided we can use cosmological information for flh{l + Wh)- 
If the time varying field is responsible for the dark energy in the Universe, then 
cosmological observations imply V,fi ~ 0.73 and Wh < —0.9. 

The resulting bounds are displayed in the last column of Tab. [1] For all unifi- 
cation scenarios these bounds are the most severe; At present, clock experiments 
win the "sensitivity race" only if a is the only time- varying coupling. WEP bounds 
become even more restrictive if the scalar field plays no significant role in cosmol- 
ogy. In this case fth is small, say fth < 0.01. The relevant limit is an observational 
bound on the scalar kinetic energy independent of the precise scalar model and of 
its overall role within cosmology. 

The converse argument is equally strong: if a time variation of the fine structure 
constant is observed close to the present limit, most unification scenarios can be 
ruled out. Only scenarios with a value \F\ < 10 would remain compatible with 
the WEP bound from Be/Ti test masses. Further precise tests with materials of 
different composition will make it even more difficult to "hide" the cosmon coupling 
to photons (needed for d/a ^ 0) from detection in WEP tests. 

A nonzero variation near the present experimental bounds would put important 
constraints on cosmology: it would require some field to be evolving in the present 
cosmological epoch, ruling out the minimal ACDM model and favouring dynamical 
dark energy models. Furthermore, a combination of time-varying couplings with 
WEP bounds on r\ would provide a lower bound on the kinetic energy of dynamical 
models. For a scalar field we find the bound 



nhil + Wh)>3.8xlO^''Fidtlna)^r]-l^. (10) 

Here dtlna is given in units of y^^, and r^max is the current experimental limit 
on WEP violation. Thus, if |9tlna| is nonzero and not too small, Wh cannot be 
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arbitrarily close to —1 (a cosmological constant); nor can the contribution of the 
scalar to the dark energy density be insignificant. 

The race for the best bounds on the present time variation of fundamental 
couplings is open, independently of other possible interesting observations of varying 
couplings in early cosmological epochs. The precision of WEP-bounds on r] and 
atomic clock bounds on a/ a and /i/^ is expected to increase. The largest restrictive 
power, or the largest discovery potential for nontrivial cosmological dynamics, arises 
from a combined increase in sensitivity of both WEP and clock experiments. 
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